Abstract. Laser-Wakefield acceleration (LWFA) promises electron accelerators with unprecedented electric field gradients. Gas jets and gas-filled capillary discharge waveguides are two primary targets of choice for LWFA. Present gas jets have lengths of only 2-4 mm at densities of 1-4x10 19 /cm 3 , sufficient for self-trapping and acceleration to energies up to ~150 MeV. While 3 cm capillary structures have been used to accelerate beams up to 1 GeV, gas jets require a well-collimated beam that is ≥10 mm in length and <500µm in width, with a tunable gas density profile to optimize the LWFA process. This paper describes the design of an electromagnetically driven, fast supersonic gas valve that opens in <100µs, closes in <500µs and can operate at pressures beyond 1000psia. The motion of the valve seat (flyer plate) is measured using a laser probe and compared with predictions of a model. The valve design is based on an optimization of many parameters: flyer plate mass and durability, driver bank speed and stored energy for high rep-rate (>10Hz) operation, return spring non-linearity and materials selection for various components. Optimization of the valve dynamics and preliminary designs of the supersonic flow patterns are described.
INTRODUCTION
This paper describes the design and performance of a fast opening and closing gas valve. In particular, it relates to an electromagnetically actuated valve that opens and closes very rapidly, to inject a gas or gas mixtures to form a supersonic jet. There are numerous fields in which fast pulses of supersonic gas jets are useful: in flash x-ray machines, a supersonic shell or cylinder of gas is compressed by high currents to form a dense, hot plasma pinch, which radiates the desired x-rays in a short pulse; the emerging field of Laser-Wakefield acceleration (LWFA) promises electron accelerators with unprecedented electric field gradients. Supersonic, highly collimated gas jets and gas-filled capillary discharge waveguides are two primary targets of choice for LWFA. Present gas jets have lengths of only 2-4 mm at densities of 1-4x10 19 cm -3 , sufficient for self trapping and electron acceleration to energies up to ~150 MeV. While 3 cm capillary structures have been used to accelerate beams up to 1 GeV, when using gas jets, a well collimated beam that is ≥10 mm in length, <500µm in width and with the ability to tailor the gas density profile to optimize the LWFA process is required; in other accelerators, it is sometimes desirable to inject a metered pulse of gas into a beam-line or test cell. The challenge is to control the mass injected with sufficient precision so that only the region of interest is filled with gas, whilst the rest of the accelerator structure can remain at high vacuum; in other words, the gas burst is fast enough so that a high vacuum event may occur before the injected gas reaches the high vacuum region to perturb it.
To give an idea of the time scales involved, consider a typical supersonic gas velocity of 500m/s. Gas will propagate a distance of 0.5m in 1 ms. Hence, to ensure that the region beyond 0.5m is unperturbed by the injected gas, the entire gas burst should be over in a time short relative to 1 millisecond. The valve should open in say, 100µs and be fully closed in say, 500µs. Such valves are not commercially available.
Here we present a design of an electromagnetically driven, fast supersonic gas valve that opens in <100µs, closes in <500µs and can operate at pressures beyond 1000psia. The motion of the valve seat (flyer plate) is measured using a laser probe and compared with predictions of a model. The valve design is based on an optimization of many parameters: flyer plate mass and strength, electromagnetic driver bank speed and stored energy for high rep-rate (>10Hz) operation, return spring non-linearity and choice of materials for various components. Optimization of the valve dynamics and preliminary designs of the supersonic flow patterns are described. Figures 1 and 2 show schematic drawings of the fast, electromagnetic valve. We begin at the supersonic gas jet and work backwards, to specify the design. 
DESIGN OF THE GAS JET FAST VALVE

Supersonic Gas Jet
For laser Wakefield accelerators 1 , the jet should have a 2mm minimum length (preferably longer) along the laser axis (shown in Fig. 1 ) and <500µm transverse to it (out of the plane of the paper). The density should be in the range of 2-6x10 19 /cc, with a prescribed gradient along both axes if possible, to optimize the laser interaction. The local density specification allows us to estimate the typical operating pressure required in the valve plenum using the laws of isentropic gas dynamics 2 . For a Mach 4 nozzle design, these isentropic relations show that the temperature at the nozzle exit in the core flow will be ≈50K, the local pressure in the flow will be ≈0.25Bar (3.7psia), and the plenum pressure must be ≈26Bar (380psia). To provide some safety margin, we should design for operation at up to 1000psia. A more detailed Navier-Stokes calculation is required to characterize the nozzle exit flow, in order to better determine the actual divergence and hence set the proper distance for the laser axis. Using this unit-module nozzle, we design for a 2mm dimension along the laser axis via a linear array of 4 or 5 such nozzles. The concept is shown in Figure 2 . Note the use of a reentrant "stub" of the flyer plate into the convergent section of the nozzle. This stub reduces the "stilling volume" of the flow and hence reduces the stagnation pressure loss. The time required to "still" the two volumes is determined by a few round-trip times for shock waves to bounce back and forth between the throat plate and the o-ring seal. For a typical round-trip distance of say, 2cm and shock speed of about 1km/s (in hydrogen or helium) this time constant is ≈60µs. The rise-time of the gas at the nozzle exit will thus be ≈60µs.
Flyer Plate and Valve Design
The coil must generate enough force on the flyer plate to accelerate it away from the o-ring seal and develop a quasi-steady supersonic flow in <100µs. Consider that three forces act on the flyer plate: F m , the magnetic repulsion due to eddy currents in the metal valve plate; the spring return force F s ,; the gas pressure, F g .
Given that the feed tube (see Fig. 2 ) is 2mm in dia., the o-ring is at 2.5mm mean radius and say, 3mm in dia. The gas force at 1000psia is ≈135N. Consider a spring whose (linear) spring constant is 250N/mm. With a compression of 1mm (adequate to allow gas to choke the throats), the maximum return force is 250N, of the same order as the gas force, so the two return forces add up to around 400N. The EM force from the coil should be much larger than these forces to accelerate the flyer plate. Given that the 'stilling time' was estimated above as ≈60µs, it is acceptable if the flyer plate moves 1mm in 50-100µs, which corresponds to a mean velocity of 10-20m/s.
We assume that the coil current pulse should have a half-period faster than 100µs, to make maximum use of the EM force in the allotted time. For a rise-time of 20µs, the skin depth of Al is ≈0.76mm; hence we must make the flyer plate about three times the skin depth, to avoid diffusion of the driving magnetic field through it. With reference to Fig. 1 , the ID of the coil should be around 12mm and the OD around 22mm, for a compact design. Hence the flyer plate mass is ≈3g, including the stub described above. To this must be added that fraction (≈5%) of the mass of the spring (≈40g) that is also accelerated, so the total accelerated mass is roughly 5g. This mass and the velocity give the impulse from the coil:
For a 50µs action interval, the force from the coil is 2000N, which is, as required, much greater than the restoring forces due to the spring and gas. We estimate the oscillation period of the flyer plate that acts as a simple harmonic oscillator that is excited by a short impulse. The spring constant of 250N/mm with the accelerated mass of 5g, gives a harmonic period of 890µs. The half period of 445µs implies that the flyer plate and spring will move back ≈1mm then return to the valve seat in about 450µs. We have bounded the motion as opening in 100µs and closing in ≈500µs.
Coil and electrical driver design
The energy in the magnetic field generated by the coil goes as 0.5 L I 2 , so the magnetic force is the spatial derivative of this or:
For a flat spiral coil with an air core and a metal flyer plate in contact with it and metal behind it (see Figure 1) , it may be shown that the inductance varies with distance x away from the coil face as:
x* is a characteristic scale length for the exponential variation. The scale factors A and x* were determined empirically by moving the flyer plate away from the spiral coil and measuring the variation of inductance. Eq.4 gives:
To maximize the EM force, it is desirable to use a large coil inductance (A~L o ) with minimal scale length x*. This would suggest a flat, pancake coil with minimal wire gauge to maximize the free-space inductance, L o . However, the dissipative resistance of the coil increases as wire gauge decreases, so there is a trade-off: large L o means lower peak current required but higher resistance in coil (smaller wire gauge) which leads to greater dissipation. A systematic study was conducted of this trade-off as follows:
For wire gauges from 24-28AWG, coils were wound to fit the 22mm OD/12mm ID design constraint. Each coil was potted in epoxy, placed in a jig with the Al flyer plate pressed against it and the inductance measured as a function of the distance of the flyer plate away from it. The fitting parameters A and x* (Eq.4) were obtained from these data. The dependence of each of the quantities L o , A and x* on AWG were found to be fit by second order polynomials. Using these polynomial fits, the values of inductance at x=0, L(0) and hence the maximum EM force (Eq.5) were calculated for coils ranging from 21AWG to 30AWG. The measured values of L o and calculated values of EM force coefficient (H/m) are listed in columns 2 and 3 of Figure 3 after the AWG values. The peak current required for the coils was estimated for an EM force of 2000N, using the peak values of H/m from Figure 3 and Eq.3. Typical values of resistance of the coils and the ESR of the capacitors imply a nearly critically damped drive circuit. We fix the current rise-time at 20µs (to justify our earlier choice of a 2mm thick Al flyer plate (skin depth 0.76mm) and calculate the capacitance of an RLC circuit with L(0), R and rise-time specified. Columns 5 and 6 of Figure 3 list values of L(0) and capacitance. Knowing L(0), C, R and I peak , we calculate the initial charge voltage V o and stored energy E o for the bank. These values are listed in the last two columns. Figure 4 plots the peak current and stored energy vs. AWG. As expected, there is an optimum AWG of 26 for the coil, which minimizes the stored energy. This optimal coil requires 2.25kA peak current and a stored energy of 25J, shown boldfaced in 
Thermal/mechanical considerations
The preceding analysis has shown how this is a constrained design. We started with the desired supersonic flow and worked backwards, optimizing the various subsystems, subject to physical constraints. We converged upon a 25J-stored driver that delivers 2250A to a 3.75µH coil that accelerates a mass of 5g to 20m/s, to open the flow in ≈100µs. A spring of ≈250N/mm spring constant closes the valve in <500µs. These parameters fit the constraints that were specified at the start of this design exercise, so serve as a good starting point for our design.
The energy dissipated in the first half cycle of the current in the coil is estimated to be 17J. At 10Hz, this valve would dissipate 170W. Recall that the temperature in the supersonic flow will plummet to ≈50K as the gas exits the nozzle. This is a potential problem, as heat transfer from the nozzle 293K walls to the flow will create a turbulent boundary layer at the walls. The flow in the boundary layer will emerge from the nozzle with a lower Mach number than the core flow, possibly expanding into the path of the laser/s and spoiling the Wakefield interaction. One way to inhibit such boundary layer growth is by cooling the walls with liquid nitrogen to 77K. A jacket of LN 2 around the nozzle section would also do double duty as a heat sink for the 170W dissipated in the coil region.
BENCH TESTS OF FAST VALVE
The motion of the flyer plate was measured on the bench by passing a 1mm dia. laser beam across the face of the potted coil. When the flyer plate moves away from the seal, the laser beam passes across the valve face and is detected by a photodiode on the opposite side. The photodiode signal should rise as the flyer plate moves beyond its full width, and then remain constant until the plate returns during its closing phase and cuts off the laser beam. Such a trapezoidal diode signal is shown in Figures 5 and  6 . Also shown in Figure 5 are: the coil current vs. time (normalized) and the calculated motion of the flyer plate, using a 5g moving mass and a spring of 205N/mm. Since the bottom of the laser beam was ≈0.25mm above the coil face, Figure 5 shows that the diode signal begins when the displacement is >0.25mm, reaches a plateau at 1.25mm (flyer plate has cleared the laser beam), then starts dropping again when the plate returns to 1.25mm from its full excursion of 1.7mm, and cuts off completely when the plate is 0.25mm above the valve seat. Figure 6 shows similar data taken with the laser located at increasing heights above the coil face. As expected, when the laser was 1mm above the coil, the maximum excursion of 1.7mm does not allow the flyer plate to fully clear the beam; hence the diode response does not reach its maximum level. For still higher laser positions of 1.25 and 1.5mm the diode barely registers the lower portion of the laser beam and for shorter time intervals, as expected. From the delay in onset of the diode signals at various laser heights, a velocity of ≈10-15m/s was estimated, which agrees with the calculated maximum speed of the flyer plate of 15m/s 
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